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The Epstein-Barr virus (EBV) EBNA2 protein is a transcriptional activator that regulates viral and cellular
gene expression and is also essential for EBV-driven immortalization of B lymphocytes. The EBNA2-responsive
enhancer in the viral latency C promoter (Cp) binds two cellular factors, CBF1 and CBF2. The precise role of
the CBF2 protein for Cp enhancer function is presently unclear. CBF2 does not appear to interact with EBNA2
and binds just downstream of CBF1 between positions —339 and —368 in the Cp EBNA2 enhancer. Within this
region an 8-bp sequence, CAGTGCGT, can be found, and a similar sequence is also located downstream of
CBF1 binding sites in other EBNA2-responsive promoters. Previous studies have indicated that mutations and
methylation in this sequence affect EBNA2 responsiveness. To investigate the requirements for CBF2 binding,
we synthesized a series of oligonucleotides carrying double transversion mutations spanning both the con-
served core sequence and outside flanking sequences. Surprisingly, mutations outside of the conserved core
sequence in 4 bases immediately flanking the 5’ end, GGTT, had the most deleterious effect on CBF2 binding.
Mutations in the conserved core had a gradient effect, with those near the 5’ end having the most deleterious
effects on CBF2 binding. In addition, the affinities of CBF2 for binding to the LMP-1, LMP-2, and CD23
promoters were also measured. These promoters contain the conserved core but lack the 5’ flanking GGTT
motif and bound CBF2 weakly or not at all. Using Cp reporter plasmids containing CBF2 mutant binding sites,
we were also able to show that at lower doses of EBNA2, Cp transactivation required a functional CBF2 binding
site but that higher doses of EBNA2 transactivated CBF2 mutant promoters to 40% of wild-type levels. These
assays indicate that CBF2 is important for EBNA2-mediated transactivation of the viral latency Cp. In

addition, CBF2 activity was found to be associated with two polypeptides of 27 and 33 kDa.

Epstein-Barr virus (EBV) has been consistently associated
with a variety of B-cell malignancies, including endemic Bur-
kitt’s lymphomas, immunoblastic lymphomas of the immuno-
suppressed, and a proportion of Hodgkin’s disease (33). EBV
infection of primary B cells results in the establishment of a
latent infection, in which only 11 of potentially more than 80
viral proteins are expressed (17). These gene products include
EBNAs 1, 2, 3A, 3B, 3C, and 5 (leader protein); latent mem-
brane proteins (LMP) 1, 2A, and 2B; and the small noncoding
EBERs 1 and 2. EBV infection of primary B cells also leads to
immortalization and outgrowth of continuously proliferating
lymphoblastoid cell lines (LCL). Following EBV infection, the
latency W promoter (Wp) is active initially and the first viral
genes expressed are EBNA-LP and EBNA2 (1, 2, 39, 52).
After EBNA2 expression, transcription initiation switches
from the Wp to the upstream latency C promoter (Cp), which
in turn leads to expression of the other members of the EBNA
family: EBNALI, -3A, -3B, and -3C (1, 2, 31, 39, 52, 53). Cp
activation is dependent on a functional EBNA2 protein (41,
52). In addition to activating expression of the Cp, EBNA2
activates expression of the viral LMP-1 and LMP-2 promoters,
as well as the cellular CD23 and the c-fgr proto-oncogene
promoters (11, 18, 27, 49, 51, 57).

EBNA?Z2 is a transcriptional activator that does not directly
bind DNA and interacts with target promoters through contact
with the ubiquitous cellular Cp binding factor 1 (CBF1), also
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called RBPJk (13, 14, 23, 55). CBF1 binding sites have been
observed in all of the EBNA2-responsive enhancers (13, 14, 22,
23, 27, 55). Except for the viral LMP-1 promoter, all known
EBNAZ2-responsive promoters require interaction between
EBNAZ2 and CBF1 for activation in transient-transfection as-
says (14, 16, 22, 23, 56). EBNA2 possesses an acidic activation
domain located at the carboxy terminus of the protein (7, 24)
and functions at least in part through interactions with the
basal transcription factors TFIIB, TAF40, TFIIH, and a novel
protein, p100 (45-47). Recombinant viruses expressing a gene
encoding a mutant EBNAZ2 protein unable to interact with
CBF1 or containing a deletion of the transactivation domain
fail to immortalize B cells, thus linking EBNA2 transactivation
and immortalization functions (6, 54).

Regulation of Cp activity may be important for governing
latency gene expression patterns established in the infected cell
(26, 43). This idea is supported by the fact that in infectious
mononucleosis, during primary infection, and in most EBV-
positive cell lines (lymphoblastoid cell lines), Cp is active (44).
Under these conditions EBV infection of B cells is character-
ized by latency group III gene expression. Latency group IIT is
normally characterized by the activity of the Cp and expression
of the complete set of viral latent proteins, including those of
the EBNA family. In contrast, tumor cells associated with
Burkitt’s lymphoma, nasopharyngeal carcinoma, and Hodg-
kin’s disease usually contain an inactive Cp. Cell lines or tissues
from these EBV-associated malignancies display group I or II
patterns of latent gene expression. Latency group I is charac-
terized by expression of only EBNALI, with transcripts initiated
primarily from the Q promoter, while latency group II is char-
acterized by expression of EBNA1, LMP-1, and LMP-2,
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with transcripts initiating from the Q promoter and LMP pro-
moters. Recently, a number of studies have demonstrated that
the majority of EBV-infected cells in the peripheral blood of
healthy, persistently infected individuals are resting in G,
(CD23™ B77) and express LMP-2A mRNA, but not other
latency mRNAs, including those derived from Cp (9, 29, 30).
Repression of Cp activity may be important to reduce EBNA
expression and avoid immune surveillance mechanisms of the
host. In contrast, the ability to reactivate to latency group III,
inducing lymphocyte proliferation, for example, may also be
important for transient expansion of the pool of infected lym-
phocytes as an important mechanism for EBV persistence.
Consistent with this notion, several mechanisms that both pos-
itively and negatively regulate Cp activity have been described.
In addition to EBNA2, glucocorticoids positively modulate Cp
activity through glucocorticoid response elements located up-
stream of the EBNA2-responsive enhancer (19). In contrast,
sequence-specific methylation may contribute to silencing of
Cp activity (28, 37). EBNA3 also downregulates EBNA2-me-
diated transactivation of the Cp (and also the LMP-1 and
LMP-2 promoters) through competition for CBF1 (25, 34, 50).

The EBNAZ2-responsive enhancer sequences from the
LMP-1 and LMP-2 promoters have also been characterized.
These enhancer sequences bind many cellular factors in addi-
tion to CBF1 (16, 40, 55). Deletion and point mutation analysis
of the LMP-1 promoter have suggested that other cellular
factors in addition to CBF1 may mediate or enhance EBNA2
transactivation. One of these factors, PU.1, has been proposed
to mediate EBNA2 interaction with the LMP-1 promoter (16,
21, 40, 55). A proposed role for a POU domain protein re-
quired for EBNA2-mediated transactivation has also been sug-
gested (40).

The Cp EBNAZ2 enhancer is structurally simple, interacting
with only two cellular activities (23). A 100-bp sequence from
—330 to —430 bases from the Cp transcription initiation site
has been mapped as the EBNA2-responsive element (15). The
two cellular activities associated with this fragment have been
called CBF1 and CBF2 (23). Whereas CBF1 has been exten-
sively investigated, the identity of CBF2 and its role in
EBNAZ2-mediated transactivation have not been determined.
Several lines of evidence suggest an important role for CBF2 in
EBNAZ2 transactivation. First, clustered mutations between
—340 to —360 in the Cp, where CBF2 binds, greatly reduces
EBNAZ2 transactivation (15). Second, synthetic promoters con-
taining both CBF1 and CBF2 binding sites respond to EBNA2
transactivation significantly more strongly than promoters con-
taining CBF1 binding sites alone (23). Third, examination of
the EBNA2 enhancer regions in the Cp and the LMP-1 and -2
promoters reveals that sequences contributing to EBNA2
transactivation have a common 5-bp sequence, CAGTG, or a
similar expanded 8-bp sequence, CAGTG(C/T)G(T/G/C). Fi-
nally, some studies have suggested that the inactivity of the Cp
in some EBYV cell lines correlates with CpG methylation of the
CBF2 binding site and that cell lines in which Cp was active
lacked CpG methylation of this site (23, 35, 37, 38). DNase
protection assays also showed that CBF2 binding is sensitive to
methylation and that the methylated residue maps to position
6 in the 8-bp conserved sequence CAGTGCGT (37). In addi-
tion, a synthetic reporter plasmid containing a C-to-T change
in this residue results in a 50-fold reduction in the ability of this
enhancer to respond to EBNA2 transactivation (37).

In this study, we further define the sequence required for
CBF2 binding and we evaluate the contribution of CBF2 to-
wards EBNA2-mediated transactivation. These experiments
provide further support for an important role for CBF2 in
EBNAZ2-mediated transactivation. The data also indicates that
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FIG. 1. Structure of Cp reporter constructions. A schematic illustration of
the EBV genomic region containing the Cp and upstream sequences is shown at
the top. Indicated are the episomal origin of replication (ori P), glucocorticoid
response element (GRE), EBNAZ2 response element (E2RE), and the KpnI and
Sau3A restriction sites. The arrow indicates the site of transcription initiation.
Below are shown the Cp sequences cloned into reporter vectors (Cp —1021 to
+3) and a multimerized version of the EBNAZ2 response element corresponding
to positions —330 to —430 also cloned into a reporter vector (8X Cp E2RE).

the most important sequences that determine CBF2 binding lie
outside of a conserved 8-bp sequence found in several EBNA2-
responsive enhancers. Dissecting CBF2 participation in this
process will further enhance our understanding of the mecha-
nism by which EBNA2 controls latent gene expression and
B-cell immortalization.

MATERIALS AND METHODS

Cell culture. DG75 and CA46, EBV-negative Burkitt’s lymphoma cell lines,
were maintained in RPMI 1640 supplemented with 10% fetal bovine serum and
incubated in 5% CO, at 37°C.

Plasmids. Reporter plasmids containing EBV sequences from nucleotides
10312 to 11336, which correspond to nucleotides —1021 to +3 relative to the
start site of the BamHI Cp, were constructed (Fig. 1). A reporter vector, pPDL3,
was constructed by subcloning a Sall fragment containing the chloramphenicol
acetyltransferase (CAT) reporter gene (also contains a polyadenylation element)
from the pCATB’ plasmid into the Sall site of pUC18. Plasmid pPDLS5 carries
the wild-type Cp sequence —1021 to +3 cloned as a Kpnl/Sau3A fragment into
the Kpnl and BamHI sites in plasmid pPDL3. Mutations in the Cp (see Fig. 3B)
were generated by site-directed mutagenesis as described by Chen and Przybyla
(4). Briefly, PCR was performed with a 5’ primer that carries the desired mu-
tation and a 3’ primer that binds downstream of the mutagenic site. The Cp
amplified fragment was agarose gel purified and used as a primer together with
another 5’ primer (upstream from the first 5’ primer) in a second PCR. This
second product was agarose gel purified, digested with Sacl and Eagl, and cloned
into the same sites in the wild-type Cp —1021-to-+3 fragment. Plasmid MA1
carries the wild-type Cp —1021-to-+3 fragment cloned as a Kpnl/Sau3A frag-
ment into the Kpnl and Bg/II sites of the pGL2-Basic vector (Promega). The
Sau3A/BgIII junction results in retention of the Bgl/II site. MA1 was used as the
template for construction of most of the mutant fragments, except for pEFP 56
(mutant 12), in which pEFP 46 (mutant 3) was used as the template (see Fig. 1
and 3 for illustrations of constructions). Mutant promoters were digested with
Kpnl and BglII and inserted into the same sites of plasmid pPDL3. The following
primers, with changes introduced into the wild-type sequence underlined, were
used: OPL67 (mutant 3 primer), 5'-GGGAAAAAATTTATGGGGCAGTGCG
TCGAGTGC-3' (for construction of pEFP 46; Cp —1021-to-+3 mutant 3);
OPL126 (mutant 11 primer), 5'-AATTTATGGTTCAGTGTGTCGAGTGCTA
TC-3" (for construction of pEFP 52; Cp —1021-to-+3 mutant 11); OPL207
(mutant 12 primer), 5'-GTAAACACGCCGTGGGAAAAAATTTATTTGGC
AGTGCGTCGAGTG-3' (for construction of pEFP 56; Cp —1021-to-+3 mutant
12); and OPL213 (CBF1 mutant primer), 5'-GGTGTAAACACGCCGTTTGA
AAAAATTTATGGTTC-3" (for construction of pEFP 76; Cp —1021-to-+3
CBF1 mutant). The downstream 3’ primer used in the first round of PCR was
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FIG. 2. CBF1 and CBF2 bind distinct sequences in the Cp EBNA2 enhancer which are conserved in other EBNA2-responsive promoters. (A) Nuclear extracts from
CAA46 cells were incubated with a radiolabeled Cp sequence from positions —330 to —430 in the presence or absence of competitor oligonucleotides and analyzed by
EMSA. Lanes: 1, probe only; 2, CA46 extract; 3, CA46 extract and cold 30-mer oligonucleotide competitor from positions —359 to —388 (CBF1 binding element); 4,
CAA46 extract and cold 30-mer oligonucleotide competitor from positions —339 to —368 (CBF2 binding element). (B) Comparison of the nucleotide sequences of
EBNA2-responsive promoters and locations of their putative conserved CBF2 binding sequences. Shown also is the location of the CBF1 binding sites previously
characterized in these promoters. The LMP-1 promoter (LMP-1p) contains in its natural context the consensus CBF1 binding site in the antisense orientation and is
shown on top as the reverse complement strand to aid in the comparison of similarities. LMP-2Ap, LMP-2A promoter; CD23p, CD23 promoter.

OPL108, 5'-ACGTTGCTCCACCTCTAAGG-3’, and the upstream 5’ primer
used in the second round of PCR was OPL109, 5'-CCTTGCGAACAATTATT
AGT-3'".

The mutagenized Cp fragments were sequenced with the OPL109 and
OPL108 primers to confirm the presence of the mutation and to confirm that no
other changes were introduced.

Construction of plasmids carrying eight copies of the Cp EBNA2 enhancer
region have been described previously (24). Plasmid pPDL84A contains eight
copies of the wild-type Cp EBNA2-responsive element, which directs the expres-
sion of the CAT reporter (Fig. 1). DNA fragments containing mutants 3, 11, and
12 (plasmids pEFP 32, pEFP 63, and pEFP 68) were generated by PCR with
primers that amplify the sequence from —330 to —430. The templates used were
derived from the Cp —1021-to-+3 promoter constructions containing the appro-
priate mutation. Mutant CBF1 (GTCCGAA [with changes from the wild-type
sequence underlined]) was generated by PCR, as previously described (4). The
PCR product was digested with Bg/II and BamHI and cloned into the same sites
of plasmid pGH56. Plasmid constructions with one copy of the Cp sequence
=330 to —430 were sequenced with the forward universal primer. The Cp
fragments containing sequence from —330 to —430 were then oligomerized as
previously described (24), digested with Bg/II and BamHI, and cloned into the
BglI site of the CAT expression vector pGH262. pPDL151 expresses EBNA2
and has been previously described (23).

EMSA. Nuclear extracts were prepared from CA46 cells as previously de-
scribed (23). Nuclear extracts from 30 liters of culture were fractionated by
application to a heparin-Sepharose column and were eluted with a linear 0.1- to
1.0-M KClI gradient. The different fractions were tested for CBF2 activity by
electrophoretic mobility shift assay (EMSA). For the EMSA, the protein-DNA
complexes were formed as previously described (23). Two different DNA se-
quences from the Cp were used as probes: (i) the Cp EBNA2 enhancer, extend-
ing from —330 to —430 bases from the transcription initiation site, which was
excised from pDL63 with Bg/II and BamHI, and (ii) the 30-bp oligonucleotide
duplex corresponding to bases —339 to —368 of the Cp. The probe containing
the sequence from —339 to —368 has been shown previously to bind CBF2 in gel
mobility shift assays (23). Both fragments were end labeled with the Klenow
fragment of DNA polymerase. The reaction mixtures were resolved under non-
denaturing conditions on 4.5% polyacrylamide gels.

For competition assays, we synthesized a series of 30-mer oligonucleotides
(and their complementary pairs) containing double transversion mutations in
their sequences from —339 to —368. In addition to Cp sequences, these oligo-
nucleotides contain Bg/II and BamHI overhangs that increase their overall length
to 36 bp. These oligonucleotides carried mutations across the conserved 8-bp
sequence and in the flanking regions (see Fig. 3B). Unlabeled mutant oligonu-
cleotides were annealed and added to the binding reaction mixture at 2.5, 5.0, 25,
and 125 molar excesses relative to the molarity of the labeled wild-type oligo-
nucleotide probe. After EMSA, the amount of bound CBF2 activity was quan-
tified with a Betascope 603 blot analyzer.

UV cross-linking. An oligonucleotide containing the CBF2 binding site of the
Cp (—339 to —368) and a 17-bp 3’ sequence homologous to the M13 forward
sequencing primer was synthesized and annealed with the M13 forward universal
primer. The sequence of the CBF2/M13 primer is 5'-AATTTATGGTTCAGT

GCGTCGAGTGCTATGACTGGCCGTCGTTTTAC-3'. The oligonucleotide
was converted to fully duplex form, radiolabeled, and purified as described
previously (22). Binding reaction mixtures were prepared essentially as described
above for EMSA, but 200,000 cpm of probe was used. After 30 min of incubation,
samples were irradiated on a model TMW-20 transilluminator (UVP, Inc.) for
1 h. Digestion with 12 U of DNase I (Boehringer Mannheim) and 1 U of
microccocal nuclease (Pharmacia) was then carried out for 15 min in the pres-
ence of a solution containing 7 mM Tris-HCI (pH 7.5), 7 mM MgCl,, and 7 mM
CaCl,. Reaction products were electrophoresed on sodium dodecyl sulfate—12%
polyacrylamide gels and visualized by autoradiography. Competition reactions
were done with a 50-M excess of competitor.

Transfections and CAT assays. DNA transfections were carried out by a
DEAE-dextran method (24). Cells were transfected with the amounts of target
and effector plasmids indicated in the figures. Transfections were harvested after
3 days of incubation, cells were lysed with reporter lysis buffer (Promega), and
CAT assays were carried out as previously described (24). Acetylated forms of
chloramphenicol in the chromatographic plates were detected by autoradiogra-
phy and quantitated by excising the spot and counting in a liquid scintillation
counter. A reporter vector constitutively expressing luciferase (GL3 control;
Promega) was used as an internal control for transfections, and the values from
CAT assays were normalized to the luciferase activity.

RESULTS

The CBF2 recognition element requires sequences that are
unique to the Cp. In gel mobility shift assays the Cp EBNA2
enhancer binds CBF1 and CBF2. By competition analysis the
CBF2 binding element maps to sequences between —368 and
—339 from the Cp transcription initiation site (Fig. 2A) (23).
Comparison of these essential sequences with the EBNA2-
responsive sequences of the viral LMP-1 and LMP-2A promot-
ers and the cellular CD23 promoter reveals that all of these
promoters have a common pentanucleotide, CAGTG, or a
similar 8-bp sequence, CAGTGCGT (Fig. 2B). In addition,
clustered mutations in this region of the Cp have been shown
to decrease the responsiveness of this promoter to EBNA2-
mediated transactivation (15). Therefore, this conserved 8-bp
sequence represented a potential CBF2 recognition element.
To map more precisely the sequences required for CBF2 bind-
ing in the Cp EBNA2 enhancer, we synthesized a series of
oligonucleotides containing sequences from —368 to —339.
Double transversion mutations were introduced into some of
these oligonucleotides across the putative CBF2 binding site
and in the 5’ and 3’ flanking regions (Fig. 3B). The affinity of
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COMPETITOR (a) (b)
wt 4.28 100

mut.1l 23.5 18.2
mut.2 >184 <2.3
mut.3 >184 <2.3
mut.4 97.2 4.4
mut.5 28.2 15.2
mut.6 28.7 14.9
mut.7 13.1 32.7
mut.8 3.2 133.7
mut.9 5.42 79
mut.10 2.46 174
mut.1ll AATTTATGGTTCZ 30.6 14
mut.l2 AATTTATTTGG! >184 <2.3

FIG. 3. Mutagenesis analysis of the conserved 8-bp sequence in the Cp and
identification of residues crucial for CBF2 binding. Nuclear extracts were mixed
with 0-, 2.5-, 5-, 25-, and 125-fold molar excesses of the different unlabeled
mutant oligonucleotides. A fixed amount of 3?P-wild-type (wt) oligonucleotide
was then added to the shift reaction mixture. The reaction mixtures were sepa-
rated on 4.5% nondenaturing polyacrylamide gels, dried, and autoradiographed.
Amounts of CBF2 complex were quantified with a Betascope 603 blot analyzer.
(A) The EMSA gel shows binding of nuclear extract containing CBF2 to a
30-mer oligonucleotide probe from positions —339 to —368 alone or with in-
creasing (triangle) amounts of cold competitor oligonucleotide of the same
sequence (the wild type [wt]) or mutant 11 (mut. 11) or mutant 12 (mut. 12)
oligonucleotide. The asterisk denotes a nonspecific band that does not compete
with the CBF2-specific oligonucleotide probes and appears in lanes containing
probe only. (B) Summary of competition results. The sequences shown represent
the central 30 bp of the 36-mer oligonucleotide. The 8-nucleotide conserved
sequence is shaded. The mutations consist of double transversion mutations, and
they are shown in boldface type and underlined. The numbers in column a are
concentrations of unlabeled mutant oligonucleotides required for 50% compe-
tition. The numbers in column b are percentages representing the ability of each
oligonucleotide to compete for CBF?2 relative to that of the wt element, which
was set at 100%. Results are averages from three independent experiments.

each oligonucleotide for CBF2 was measured by its ability to
compete for CBF2 binding with the wild-type sequence as
evaluated by gel mobility shift assay. The wild-type oligonucle-
otide was radiolabeled, and its ability to bind CBF2 was mea-
sured in the presence of increasing amounts of the unlabeled
wild type or mutant oligonucleotides. An example of the com-
petitor assays is shown in Fig. 3A. A summary of data accu-
mulated with all the mutant oligonucleotide competitors is
shown in Fig. 3B. From this analysis we expected to find that
regions flanking the conserved 8-bp sequence would have a
moderate effect on CBF2 binding but that the most important
sequences would be present in the conserved 8-bp conserved
sequence. However, this analysis showed that although the
conserved 8-bp sequence is important for binding, the changes
that affected CBF2 binding the most lie in the 5’ flanking
region, in sequences that are unique to the Cp (Fig. 2B).
Paired mutations across the 4 bases flanking the 5’ side of the
conserved core GGTT eliminated CBF2 binding (mutants 2
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and 3), while mutant 1, which contains mutations even further
upstream, reduced CBF2 binding by fivefold relative to that of
the wild-type sequence. Each of the paired mutations intro-
duced into the 3’ flanking region does not affect CBF2 binding,
and some of the mutants in this region seem to be even better
competitors than the wild type.

Mutations inside the conserved 8-bp sequence do not com-
pletely abolish CBF2 binding, and the ability to compete for
CBF2 is diluted as the paired changes are located farther from
the 5’ flanking region. Mutant 4, the one with the greatest
effect, lies in the 5’ border of the conserved 8-bp sequence.
This mutant has 23-fold decreased affinity for CBF2. Muta-
tions downstream of this site decreased activity by seven- to
threefold.

We also tested other mutations that have been previously
reported to affect the activity of the enhancer. The 4ch mutant
(CGGCCGGT) contains four changes in the central part of the
core and has a sixfold reduction in binding (data not shown),
while mutant 11 has a sevenfold reduction. The result with
mutant 11 is in agreement with that with mutant 6, whose
affinity was also reduced sevenfold. Jin and Speck (15) re-
ported that the 4ch mutant reduced the ability of the enhancer
to respond to EBNA2 approximately eightfold in transient-
transfection assays, but binding activities for this mutant were
not reported. These results contrast with those of Robertson et
al. (37), who reported that mutant 11 abolishes CBF2 binding.
The differences for those results are not known, but CBF2
binding in the study by Robertson et al. was observed through
direct binding to mutant DNA, a method which may not be as
sensitive as our assays. Our results show that mutant 11 has an
intermediate affinity for CBF2 (Fig. 3B; see below). On the
other hand, mutations that lie in the 5’ flanking region were
not able to compete with the wild-type oligonucleotide even at
a concentration of 125-fold molar excess.

To confirm the competition results, mutant oligonucleotides
2,3, 8, 10, and 11 were tested for their ability to directly bind
CBF2 in a gel shift mobility assay. As expected, mutants 2 and
3 were unable to bind CBF2 while mutants 8 and 10 showed
wild-type levels of binding. Mutant 11 retained some binding
activity (data not shown). The full-length sequence of the
EBNAZ2 enhancer was also tested for its ability to bind CBF2 in
the presence of increasing amounts of some of the unlabeled
mutant oligonucleotides, and results similar to those obtained
with the 30-mer oligonucleotide probe were observed (data not
shown).

CBF2 activity is associated only with the Cp and not with
other EBNA2 enhancers. In addition to that of the Cp, EBNA2
upregulates the expression of other viral and cellular promot-
ers in EBV-immortalized B cells. The putative CBF2 binding
sites present in the LMP-1 and LMP-2A viral promoters and
the distal and proximal sites of the cellular CD23 promoter are
shown in Fig. 2B. Although these promoters contain the con-
served 8-bp sequence, their 5’ flanking regions are highly di-
vergent from those of the Cp. We measured the ability of
oligonucleotides containing the putative CBF2 recognition el-
ement from these other promoters for CBF2 binding by com-
petition assays (Fig. 4). The results of these competitions show
that the sequences from the other promoters fail to detectably
bind CBF2. LMP-1 was able to compete at a very low level
(37-fold-reduced affinity), while the other promoters could not
compete even at the highest concentration of competitor
tested. These sequences were also tested for their ability to
directly bind CBF2 in a gel mobility shift assay, and CBF2
binding was undetectable (data not shown). This result is con-
sistent with the result of our previous mutagenesis of the Cp,
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COMPETITOR
12345678 (a) (®)

Cp AATTTATGGTT! 4.28 100

LMP1 AAATGGAAAGG 157.1 2.7

LMP2A GGTGACAGCAGEA >184 <2.3
cp23 .

distal  GTGGTATGATTCAGIGIGCAGTAACACT >184 <2.3

proximal GGTGGGGGCCG@GTQIGQACAGAATCT >184 <2.3

FIG. 4. The LMP-1, LMP-2A, and CD23 promoters fail to bind CBF2. Com-
petitions were carried out as described for Fig. 3. The sequences shown represent
the central 30 bp of the 36-mer oligonucleotide. The 8-bp putative CBF2 binding
sites are shaded. The natural changes between the sequences of the LMP-1,
LMP-2A, and CD23 promoters and Cp are shown in boldface type and under-
lined. The numbers in column a are concentrations of unlabeled mutant oligo-
nucleotides required for 50% competition. The numbers in column b are per-
centages representing the ability of each oligonucleotide to compete for CBF2
relative to that of the wild-type element, which was set at 100%. Results are
averages from three independent experiments.

which indicated that the 5’ sequences flanking the conserved
8-bp sequence are crucial for CBF2 binding.

Activation of the Cp by EBNA2 is strongly dependent on
CBF2. To evaluate the importance of CBF2 for EBNA2-me-
diated transactivation of the Cp, we tested the ability of
EBNA2? to transactivate wild-type and mutant Cp construc-
tions in transient-transfection assays. Two different sequences
from the Cp were used for this analysis (Fig. 1): (i) the 100-bp
EBNAZ2 enhancer from —330 to —430 and (ii) a larger frag-
ment spanning —1021 to +3 from the Cp. The 100-bp frag-
ments containing —430 to —330 were multimerized to eight
copies and cloned upstream of the adenovirus E1b TATA box
in the reporter plasmid E1b CAT. The larger —1021-to-+3
fragment contains the natural TATA box and transcription
initiation sites from the Cp, and they were cloned upstream of
the CAT reporter gene.

The results of these transfections are shown in Fig. 5 and
summarized in Table 1. For transfection of plasmids with eight
copies of the EBNA2 enhancer, 0.5 pg of EBNA2-expressing
plasmid and 2 pg of each of the target plasmids were used.
Fold inductions after addition of effector plasmid could not be
calculated due to the low basal activity of these constructions,
which was not higher than the background level given by the
CAT expression vector alone, and transfections were per-
formed with single doses of effector plasmid. Under these
conditions, mutant 11 had no effect on responsiveness of the
enhancer (Fig. 5A). Both mutant 3 and mutant 12, whose
affinities for CBF2 are significantly weaker than that of the wild
type, were transactivated by EBNA?2 to 23 and 36% of wild-
type levels, respectively.

Figure 5B shows the results of transfections with the Cp
—1021-to-+3 constructions. Table 1 shows the range of activ-
ities obtained with these plasmids in response to the different
concentrations of EBNA2. In general, the activities of the
mutants correlated well with the CBF2 binding affinities. Mu-
tant 11 had an intermediate effect (up to 63% of the activity of
the wild-type promoter), while mutant 3 was a slightly worse
responder, with its maximal activity being 45% of wild-type
levels. Interestingly, mutant 12 was not responsive at the lowest
concentrations tested, but with increasing amounts of EBNA2,
it was activated to 36% of wild-type levels. As expected, the
CBF1 mutant was the one with the lowest activity and was not
activated to a significant degree at any EBNA2 concentration
tested. The results of these transfection experiments indicate
that CBF2 binding contributes significantly to EBNA2 trans-
activation.

CBF2 BINDING SITE WITHIN THE EBV LATENCY C PROMOTER 697

Two polypeptides of 33 and 25 kDa are associated with the
Cp CBF2 recognition element. In order to identify proteins
that specifically associate with the CBF2 site of the Cp, bromo-
dUTP-containing oligonucleotide probes representing the se-
quences from —368 to —339 were incubated with the CA46
nuclear extracts under conditions similar to those employed in
the shift assays. The samples were irradiated with UV light to
cross-link the DNA-protein complexes formed during the
binding reaction and digested with nucleases to remove un-
bound DNA. Figure 6A shows two polypeptides of 33 and 25
kDa specifically associated with the Cp DNA probe containing
sequence —368 to —339. Competition with a 75-fold molar
excess of unlabeled mutant 3 probe did not affect the binding
of these peptides, while competition with only a 25-fold molar
excess of the unlabeled wild-type probe was sufficient to abol-
ish binding to the CBF2 response element. In an independent
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FIG. 5. Analysis of the EBNA2 responsiveness of wild-type (wt) and CBF2
Cp mutants. (A) Results of single-dose transfections to compare levels of
EBNA2 transactivation of reporter plasmids containing eight tandem copies of
the EBNA2 enhancer. DG75 cells were cotransfected with 2 g of the target
plasmid and 0.5 pg of the effector EBNA2-expressing plasmid. Results are
averages from two independent experiments. mut., mutant. (B) Dose responses
for comparison of levels of EBNA?2 transactivation of reporter plasmids contain-
ing the Cp —1021-to-+3 sequence. Cells were transfected with 2 pg of target
plasmid and 0.2, 0.4, 0.8, and 1.6 pg of effector EBNA2-expressing plasmid.
Results are averages from five independent experiments. Standard errors of the
means are indicated with T bars.
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TABLE 1. Summary of levels of transactivation
of the wild-type and mutant Cps

% of wild-type

Plasmid Fragment Mutation ..
activity

pPDLB4A 8X E2RE" Wild type 100
pEFP 63 Mutant 11 117
pEFP 32 Mutant 3 23
pEFP 68 Mutant 12 36
pPDL5 Cp —1021 to +3 Wild type 100
pEFP 52 Mutant 11 40.3-63.3
pEFP 46 Mutant 3 36.6-45.5
pEFP 56 Mutant 12 0-36.2
pEFP 76 Mutant CBF1 0-10.6

“8X E2RE, a multimerized version of the EBNA2 response element corre-
sponding to positions —330 to —430 and cloned into a reporter vector.

experiment, 50-fold molar excesses of mutants 2, 3, and 10
were also tested (Fig. 6B). As expected, while mutant 10 re-
sembled the wild-type oligonucleotide probe in binding, mu-
tant 2 and 3 oligonucleotides did not compete for binding. This
result confirms the importance of the 5' flanking sequences for
CBF2 binding. These results suggest that the 33- and 25-kDa
polypeptides are candidates for nuclear factors that may bind
and mediate CBF2 activity.

DISCUSSION

Understanding the mechanisms of EBNA2-regulated gene
expression during viral latency is essential to understanding
EBV-driven B-cell immortalization. The viral latency Cp pro-
vides a simple model to study EBNA2-transactivating mecha-
nisms. This enhancer binds two cellular proteins, CBF1 and
CBF2. CBF1 is responsible for tethering EBNA2 to promoter
DNA, and as such, CBF1 binding elements have been identi-
fied in all known EBNA2 enhancer elements.

In contrast, CBF2 has not been well-characterized. Se-
quence comparisons reveal similar 8-bp sequences, CAGT
(C/T)G(T/G/C), in all known EBNAZ2-responsive promoters.
The 8-bp conserved sequence in the Cp is protected in DNase
I footprinting analysis with nuclear extracts from B lympho-
cytes (15, 23, 37). In addition, some mutations in the 8-bp con-
served sequence affect transactivation by EBNA2 (15). Based
on these observations we hypothesized (i) that several of the
known EBNA2-responsive promoters bind CBF2, (ii) that the
8-bp conserved sequence is responsible for this binding, and
(iii) that CBF2 plays a general role in EBNA2-transactivating
function. Surprisingly, although we found that the conserved
8-bp core influenced binding, mutations adjacent to and up-
stream of this conserved region produced more-dramatic ef-
fects on CBF2 binding.

These results were obtained in both EMSA and UV-cross-
linking analyses. These analyses identified the sequence GGT
TCA as the basic core element required for CBF2 binding.
Transversion changes in these sequences eliminated CBF2
binding. The sequences that flank GGTTCA were also found
to decrease binding affinity up to sevenfold (e.g., mutations in
the 5" AT and those in the 3" GTGC). Our data is also con-
sistent with the results of the footprinting analysis by Jin and
Speck (15), where the GGTTCA sequence was protected in
the absence of CBF1 binding. Database searches with the basic
hexanucleotide GGTTCA, the extended sequence ATGGTT
CAGTGC, or the conserved core sequence have not been
informative in determining whether other DNA binding pro-
teins identified so far will recognize this sequence. The UV-
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cross-linking results also identified that CBF2 activity is asso-
ciated with two polypeptides of 25 and 33 kDa. It is unclear
whether CBF2 is a heterodimer of two proteins or if the
smaller 25-kDa protein is a degradation product or some
spliced variant of the larger 33-kDa protein. Alternatively, the
two proteins may be differentially modified species of the same
protein.

The putative binding sites present in other EBNA2 enhanc-
ers were not able to bind CBF2. Although these promoters
contain the conserved 8-bp sequence, their 5" flanking regions
diverge from those of the Cp sequences. Because the con-
served core is not sufficient to confer CBF2 binding activity and
these enhancers do not contain crucial sequences required for
CBF2 binding, we predict that CBF2 does not play a significant
role in the EBNA2-mediated transcriptional activation of
these promoters. Consistent with this hypothesis, Meitinger et
al. introduced clustered mutations into the LMP-2A promoter,
some of which overlap the conserved 8-bp core (27). These
mutations had only small effects on EBNA2 transactivation of
the LMP-2A promoter.

The level of EBNA2 transactivation of the Cp —1021-to-+3
reporter correlated with the relative affinity of the CBF2 bind-
ing site for CBF2. Mutant 11 reduced competitor efficiency to
86% of wild-type levels. Cp —1021-to-+3 promoter construc-
tions containing this mutation were activated by EBNA2 to 40
to 60% of wild-type levels (Table 1). Mutants 3 and 12 reduced
competitor efficiency by greater than 98%. Cp —1021-to-+3
promoter constructions containing these mutations were acti-
vated to 37 to 47% and 0 to 36%, respectively (Table 1).
Interestingly, the requirement for a functional CBF2 element
was most apparent at low concentrations of EBNA2 in the
transient-transfection assays.

Optimal transactivation of the multimerized enhancer con-
structions also required a functional CBF2 binding site. Both
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FIG. 6. UV-cross-linking analysis demonstrating that the CBF2 binding site
specifically interacts with two polypeptides of 33 and 25 kDa. (A) Competition
with different amounts of unlabeled competitors. Reaction mixtures containing
UV-cross-linked proteins were resolved on sodium dodecyl sulfate-12.5% poly-
acrylamide gels, dried, and autoradiographed. To some cross-linking reaction
mixtures cold competitor oligonucleotides were added as indicated. Lanes 1 to 3,
competition with 75-, 50-, and 25-fold molar excesses, respectively, of mutant 3
(mut.3); lanes 4 to 6, competition with 75-, 50-, and 25-fold molar excesses,
respectively, of the wild-type (wt) sequence; lane 7, no competition. (B) Com-
petition with 50-fold molar excesses of wild-type, mutant 10, mutant 2, and
mutant 3 oligonucleotides. Asterisks indicate specific bands of 33 and 25 kDa
interacting with the CBF2 probe. Lane 1 contains no competitor.
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mutants 3 and 12 were transactivated to 23 and 36% of wild-
type levels, respectively. Mutant 11 activity, however, resem-
bled that of the wild-type enhancer construction. This mu-
tation only partially reduced the affinity for CBF2. The
deleterious effect predicted for this mutant may be masked
due to the presence of several copies of the enhancer and
the number of EBNA2 molecules that can bind this artificial
promoter, which results in high levels of activity. Our results
differ from those of a previous publication that demonstrate
virtual loss of activity from an identical construction (37). Re-
cent studies, however, now confirm that a multimerized version
of an EBNA2 response element containing mutant 11 and
cloned into a reporter vector may have only small effects on
EBNA2-mediated transactivation (3). Methylation of the nat-
ural cytosine in this position has been suggested to regulate Cp
expression in different types of EBV-driven lymphomas (35,
36). In the more natural context of the Cp —1021-to-+3 con-
struction, mutant 11 causes a reduction in EBNA2 transacti-
vation of 47 to 60%. Methylation at this site together with
methylation at other positions or the presence of additional
inhibitory factors may be working together to inactivate Cp in
the lymphoma-derived cell lines. Also, EBNA?2 is expressed
from the Cp and mechanisms that reduce Cp activity will re-
duce the concentration of EBNA2. Under these conditions,
the Cp may be more sensitive to the presence of CBF2.

The regulatory mechanism of CBF2 action is at present
unclear. Previous studies have been unable to demonstrate an
interaction with EBNA2 (23). Multimerized CBF2 binding
sites also had no effect on transcriptional activity of a basal
promoter (23). Stabilizing interactions between CBF1 and
CBF?2 also remain a possibility. However, due to the low con-
centrations of CBF2 derived from nuclear extracts, it has thus
far not been possible to obtain sufficient quantities of pure
CBF2 to test this hypothesis (unpublished observations). Re-
cent work has revealed a distinct class of proteins termed
architectural transcription factors (20). Examples of such fac-
tors are the high-mobility-group proteins that include LEF-1
(48). Like CBF2, multimerized LEF-1 binding sites were un-
able to activate transcription of a basal promoter element. In
the context of the T-cell receptor a enhancer, LEF-1 DNA
bending appears to facilitate interaction of other promoter-
bound factors and to further activate enhancer activity (48).
Whether CBF2 is an architectural factor or targets an interac-
tion of other important transcription factors awaits the identi-
fication of the gene product.

The presence of the 8-bp sequence conserved among the
EBNAZ2 enhancers may be explained by several reasons. First,
this core may represent the remains of a lost regulatory ele-
ment. It is possible that CBF2 was required for the activation
of these enhancers (e.g., LMP-1, LMP-2A, and CD23) but that
binding to CBF2 was not necessary as the enhancers gained the
ability to bind other cellular factors that could substitute for
CBF2. As evidence for this, the LMP-2A promoter region of
the closely related herpesvirus papio does not contain the
conserved core (12). Alternatively, there may be cellular or
viral activities, different from that of CBF2, that associate with
the conserved 8-bp sequence. This activity may be present only
under a given condition or stage of viral infection that has
heretofore been undetected.

The role of the EBNA2-responsive enhancer for Cp expres-
sion has recently been challenged. Viral recombinants contain-
ing mutations in the Cp CBF1 binding site were viable, and
some clones retained almost wild-type Cp activity (10). One
possibility for this result is that the activity of the EBNA2-
responsive enhancer was not sufficiently reduced by mutation
of the CBF1 binding site alone and may require additional

CBF2 BINDING SITE WITHIN THE EBV LATENCY C PROMOTER 699

mutations, for example, in the CBF2 element. In vitro, viral
recombinants containing large deletions in Cp are also immor-
talizing competent and use Wp (42). While Cp usage may not
be required for immortalization in vitro, transcripts initiating
from Cp in EBV-infected lymphocytes in vivo are detected in
individuals with both primary and persistent infection (5, 32,
44). Several studies are also consistent with CBF2 having a
significant role in Cp activation. Contreras-Brodin et al. (8)
showed that Cp activity is restricted to B cells. Unlike CBF1,
which is constitutively expressed in almost all cell types, CBF2
appears to be expressed only in lymphocytes (15, 52). It is
intriguing to speculate that CBF2 may be an important factor
required for Cp activity in lymphoid cells. In addition, site-
specific methylation that prevents CBF2 binding but not CBF1
binding also correlates with Cp silencing in a Burkitt’s lym-
phoma cell line (28, 37). Treatment with 5-azacytidine results
in demethylation, CBF2 binding, and activation of Cp. Future
studies involving the introduction of mutations in the CBF2
binding element in the context of the viral genome will be
informative in confirming the role of CBF2 for Cp activity.

Overall, mutagenesis of the CBF2 response element permit-
ted us to determine that the sequence GGTTCA is essential
for CBF2 binding, with the immediately flanking sequences
influencing the affinity for this element. Furthermore, the tran-
sient-transfection analysis provided evidence for the impor-
tance of CBF2 function in the Cp EBNA2 enhancer. Further
characterization and identification of the CBF2 gene will con-
tribute to a better understanding of the mechanisms control-
ling Cp activity during latent infections.
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